Abstract. The aim of this study was to investigate the ability of kinetic equations to describe the sorption kinetics and expansion rate of solid coal samples. In order to address his issue the sorption kinetics of methane and carbon dioxide on bituminous coals were studied. At the same time, the changes occurring in the sample's overall dimensions, which accompanied sorption processes, were monitored. Experiments were carried out at high pressure by means of the volumetric method on a cubicoid solid samples. Several literature-based modeling approaches and equations are proposed to fit the kinetic curves of gas deposition, as well as the adequate kinetics of coal swelling. First equation represents the traditional approach to interpret experimental data in terms of fast and slow sorption process and consider the combination of two first-order rate functions. The other empirical kinetic equations are: the pseudo-second-order kinetic equation (PSOE), Elovich equation and the stretched exponential equation (SE). Two of the four equations are suitable to describe the kinetics of methane and carbon dioxide sorption and have been successfully used to quantify the observed dilatometric phenomena rates. The stretched exponential equation gave the best fit to the experimental data.
Introduction
Interest in sequestration of carbon dioxide and the enhanced coal bed methane recovery (ECBM) process, that is, recovery of methane from carboniferous deposits with simultaneous CO2 sequestration results primarily from ecological issues, for example to lower the emission of carbon dioxide, but also has prospective economic aspects [1] [2] [3] [4] [5] . Investigation and understanding of the relations between the expansion/contraction of hard coal and the amount of gas sorbed in its porous structure in coal-mine gas (mainly CH4 and CO2) systems are fundamental issues in carbon dioxide sequestration and recovery of methane from carboniferous formations. Important issues that need to be focused on are coal-gas (CH4, CO2) interactions within a coal bed, their analytical and numerical description and the underlying mechanisms [6] .
Mine gases are deposited in coal beds in different forms: (1) adsorbed in micropores and on the surface of larger pores; (2) absorbed in the coal molecular structure; (3) as free gas in fissures and larger pores, which becomes significant at higher sorbate pressures; and (4) dissolved in deposit waters [7] [8] . Investigation of vapors and gases sorption process on solid hard coal samples has shown the occurrence of sorption-induced swelling of the sorbent. Further research into this phenomenon has led to the conclusion that coal is a biporous, involving transport and sorption process. It is a system in which eleveted pressure of gases causes compression of microporous regions and expansion of macropores. Gas sorption gives an opposite effect of induced expansion of microporous regions and narrowing of transport pores and the in situ a decrease of system permeability [9] [10] . The majority of research in the field shows that the swelling of coal is approximately proportional to the amount of sorbed gas implicating a linear relation between sorption and expansion [6, [11] [12] [13] [14] [15] [16] . Studies that suggest non linear dependence are a minority [9, 17] .
Sorption kinetics concerns the time dependence or rate of reactions, usually described in terms of a mathematical relationship between the amount of sorbed substance, equivalent to weight gain or volume of accumulated agent, and time. To interpret and quantify the observed gas uptake rates in coal two models have been used: unipore model, based on the solution to Fick's second law for spherical symmetric flow [18] [19] [20] [21] [22] and bidisperse sorption/diffusion gas transport model for coals characterized by two distinct pore systems [18, 20, [23] [24] [25] [26] [27] [28] . It is generally confirmed that the amount micropores increase and mesopores decrease with coal rank. As a result, although not generally confirmed, unipore models seem to better represent the sorption kinetics of high rank coals (medium-volatile bituminous coal to anthracite) while bidisperse models better represent low rank coals [23] .
In the light of this consideration, in our previous investigation we assumed that it might be possible to use the same approach to determine equations that provide a mathematical description of the kinetic curves for both sorption and swelling of coal [29] . To obtain the experimental results for further mathematical evaluation, sorption of methane and carbon dioxide on cuboidal hard coal samples was investigated at high pressure. The pressure value of gas in the sample cell at the beginning of experiments was about 4 MPa. At the same time as the sorption kinetics were monitored, changes of the sample's overall dimensions accompanying the sorption processes were measured. Coal samples (high-volatile bituminous C) were obtained from the Brzeszcze-Silesia mine [29] . Experiments were performed using the apparatus and test procedures described by Majewska et al. [17] . Our findings translate into general conclusions:  for two equations based on the bidisperse gas transport model, the equation proposed by Busch et al. [18] gives better fit than the equation proposed by Siemons et al. [26] ,  the pseudo-second-order equation (PSOE) of Marecka and Mianowski [30] was unsuitable for the data  the Elovich equation fits the results well, because the sorption and sorption-induced expansion were far from equilibrium, however, because the function goes to infinity it should be avoided  the stretched exponential equation gives the best fit and is in very good agreement with the experimental results [29] .
In this study, we evaluated the ability of four sorption kinetic equations to describe sorption kinetics and the rate of expansion/contraction of cuboidal hard coal samples in coal-carbon dioxide and coal-methane systems in evaluated pressure range, as the pressure value of gas in the sample cell at the beginning of experiments was somewhat above 1 MPa. First approach proposed by Busch et al. [18] consider the combination of two first-order rate functions and represent the traditional approach to interpret experimental data in terms of fast and slow sorption process. The other empirical kinetic equations are: the pseudo-second-order kinetic equation (PSOE) proposed by Blanchard et al. [31] , in original time-integrated form [32] ; Elovich equation developed to describe kinetics of chemisorption [33] [34] and stretched exponential equation (SE) also known as the KEKAM equation [35] [36] .
Experimental methods
Primary experiments were performed using the apparatus and test procedures described by Baran et al. [11] . The experimental program uses a purpose-built apparatus, enabling the concurrent measurements of sorption and dilatometric parameters of cuboid-shaped coal samples. Measurements of sorption capacity are taken by the manometric method. The device is placed inside a water thermostat, maintaining a constant temperature of 298 K. Gas of known pressure and volume becomes decompressed and moves from the reference cell to the sample cell containing the sorbent. Knowing the dead volume of the apparatus and the volume of the dosing unit, the amounts of absorbed/adsorbed gas can be computed on the basis of gas laws. Coal sample deformations were measured with a strain gauge engineered at the Strata Mechanics Research Institute of the Polish Academy of Sciences. Linear strains are measured with an electric resistant wire strain gauge incorporating a resistance (bridge) transducer [11] . For the purpose of measurements, a cuboid samples (18 × 18 × 40 mm) were cut from the basic coal fragments, obtained from the Pniówek mine and Budryk mine. ). The results of analysis performed on the basic coal samples are shown in Table 1 and Table 2 . Experiments on coal Pniówek followed test procedures described by Baran et al. [11] . Experiment on coal
Budryk were performed using the apparatus and test procedures described by Majewska et al. [17] . On the opposite walls of coal samples, resistance strain gauges were attached, arranged alongside and transverse to the bedding plane. The sample was connected to the strain gauge and placed inside a test ampule. Prior to the main experiment, the sample was degassed, the dead volume of the sample cell was determined using helium, and the system was degassed again to achieve the static vacuum of the order of 10 −2 Pa. Carbon dioxide or methane was then admitted to the reference cell, and when the constant pressure value was established, the gas was admitted to sample cell. The moment that gas was introduced, the recording of the kinetics of the pressure drop in the measurement system began. The values of the sorption progress (V [NTPcm 3 /g]) were then calculated. The data on kinetics of linear strains of the coal sample were stored simultaneously in the internal memory of the strain meter [11] . 
Results and discussion

Kinetic equations
The approach of Busch et al. [18] is based on the bidisperse sorption/diffusion model and describes the gas sorption kinetics as a linear combination of two first-order rate functions because the transport is being split to fast and slow process:
Yresidual (Yres) stands for the relative residual (unoccupied) sorption amount, k′ and k′′ are different rate constants, Y′ and Y′′ (with Y′′ = 1 -Y′) are normalized sorption at equilibrium [18] .The expansion kinetics can be described by the equation:
where Eresidual (Eres) is the relative residual expansion, which is the potential relative swelling, k′ and k′′ are different rate constants, and the parameters E′ and E′′ represent expansion at equilibrium (with E′′ = 1 -E′).
The mathematical form of the PSOE was first proposed by Blanchard et al. [31] to describe the kinetics of heavy metal removal by natural zeolites. It is the most commonly used equation to describe sorption kinetic data [32] . The general time-integrated form of the equation is:
where Veq is the equilibrium sorption amount and k is the rate constants. For the purpose of this analysis, Eq.(3) was transformed to Eq. (4) for the swelling progress:
where Eeq is the equilibrium sorption amount and k is the rate constants. The Elovich equation [33] [34] corresponds to chemisorptions. It is characterized by the two parameters A and B.The sorbed amount has no maximum value it goes to infinity and should be avoided. However, it was used in this analysis in its integrated forms:
The stretched exponential (SE) equation was developed as a global kinetic equation by Kolmogorov, Erofeev, Kozeeva, Avrami, and Mampel, and it is called the KEKAM equation [35] [36] . It is characterized by parameter A and rate coefficient k. For the purpose of this analysis, the following forms of the equation were used:
Analysis
Figs. 1-7 show experimental kinetic curves of the accumulation of CH4 and CO2 in the porous structure of coal and the kinetic curves of coal expansion that accompany the sorption processes as well as plots resulted from the application of the kinetic equations. The fitting results of Busch et al. [18] equation are shown in Figs. 1-2 . The residual (unoccupied) relative sorption amount (Yresidual) (Fig. 1) or the amount of residual expansion (Eresidual) (Fig. 2) The first approach using the equation of Busch et al. based on two combined first-order rate functions gives a reasonable fit to the experimental data for CO2 sorption and swelling for both coals, but for CH4 the approximation seems to be second best in the case of the sorption and expansion data (Figs. 1-2) .
The PSOE shows good agreement with the experimental data obtained for CO2 sorption and swelling for coal Pniówek (Figs.3b and 4b) . Application of the equation to the experimental data of sorption CH4 on coal Pniówek and CO2 on coal Budryk is unsuitable (Fig. 3) .
However, it seems to be quite suitable for the corresponding swelling kinetics (Fig. 4) . The PSOE underestimates the equilibrium values for lower rate sorption (Fig. 3a,c) . For the two main components of mine gas, methane has lower diffusivity, which is why its sorption rate is lower than that of carbon dioxide [18, 20, 24] . The conclusion is that the PSOE might be unsuitable for experiments with solid samples, in contrast to traditional research of sorption on powders and grain fractions, that take longer time to reach equilibrium state.
From Fig. 5 , it is clear that the Elovitch equation is unable to accurately describe the sorption kinetic of CO2 as well as the CO2-induced swelling behavior of coal Pniówek. The same fitting results were obtained for CH4 sorption kinetic on coal Pniówek and CH4-induced swelling behavior for both coals and for that reason they are not included herein. As mentioned, because of the form of the equation the calculated sorbed goes to infinity and definitely should be avoided in cases like these.
Figs. 6-7 shows the results of applying the SE kinetic equation. The fitted results are in excellent agreement with the test results for both sorbats and both coals. This equation is the most promising approach to fit the experimental results of both the sorption processes and expansion phenomena of solid coal samples despite the rate of the process and time required to reach equilibrium state.
Conclusions
Four approaches were used to fit experimental sorption and dilatometric data of methane and carbon dioxide sorption to two coals. Equation based on the bidisperse gas transport model, proposed by Busch et al. [18] is very good to interpret and quantify observed gas uptake and expansion rates in coal. The PSOE is suitable for he obtained data, except the sorption kinetics with a lower rate than that obtained for CO2 sorption on coal Pniówek. The Elovich equation does not fit the results obtained in this study, because the sorption and sorption-induced expansion processes reached close to equilibrium state and the problem of a lack of a maximum sorbed amount value in the equation did occur. Therefore the function should be avoided. The SE equation gives the best fit and is in very good agreement with all experimental results.
